the ultrasound image provides complementary information about anatomic details and serves as an anatomic 'road map'. Thus, although an intraluminal soft plaque might not be seen, its presence can be recognized when the Doppler sample volume is placed within the lumen and no blood flow or a disturbed flow pattern is detected.
Introduction
Many devices and techniques for noninvasive vascular evaluation have been developed within the past two decades. Most commonly techniques employ Doppler ultrasound. Although the initially used indirect methods, such as measurement of systolic pressure in the limb12 and the Doppler waveform analysis techniques (pulsatility index3 , Laplace transform method4) provide useful information on the overall haemodynamic situation, they fail to establish a precise anatomic and haemodynamic correlation.
Since technical evolution permits the simultaneous application of ultrasonic imaging and pulsed Doppler ultrasound in the form of duplex scanning, a direct noninvasive method is now available that yields detailed anatomic and haemodynamic information. Duplex scanning has been shown to possess diagnostic capabilities comparable to arteriography,.5 The great clinical potential of this technique was first established in the diagnosis of extracranial carotid disease, although its use was soon extended to the mesenteric and renal arteries. [6] [7] [8] [9] More recently, duplex scanning has been introduced in the evaluation of the peripheral arterial system. 5,10 Traditionally arteriography has been regarded as the 'gold standard' in the assessment of peripheral arterial occlusive disease. However, its invasive nature, and the discomfort and risks associated with contrast injection and radiation limit its application.l In addition, the information provided by arteriography is strictly anatomical. The purpose of this article is to review the use of duplex scanning in the evaluation of patients with peripheral arterial insufficiency. Instrumentation ,,
Duplex concept
The duplex concept is a combination of pulseecho imaging and pulsed Doppler ultrasound. The development of this concept evolved directly from the need to detect intraluminal diseases that might not be visualized by imaging techniques alone. Soft plaques and thrombi exhibit an acoustic impedance similar to blood and therefore would not produce a detectable reflection when such an interface is encountered. The Doppler waveform provides functional information about the ability of a vascular segment to conduct blood, The Doppler signal is simultaneously transmitted to a speaker for audio interpretation and to a frequency analyser. Most commercially available duplex systems use a fast Fourier transform (FFT) algorithm for frequency analysis. The Doppler amplitude is encoded as a grey-scale intensity in a chart recorder grey-scale output, and the Doppler frequencies are described as a function of time. The spectral width at any point of time represents the entire range of blood flow velocities. A broadened spectrum results when turbulence is present. The frequency analyser permits an appreciation of the subtle features of the Doppler signal, whose waveform features can be compared with contrast arteriography. Discrimination between minor and physiologically significant vascular lesions is made by analysis of the peak frequency, the spectral broadening parameters and the overall waveform contour.
In clinical validation trials good correlation between the flow velocity waveforms and arteriographic assessment has been established (see below).
Data display
The real-time images are displayed on the monitor in the same way as in conventional scanning. Electronic calipers allow the diameter of blood vessels to be measured directly from the frozen image. The position of the incident Doppler beam is indicated by a line and superimposed on the B-mode image. The sample volume of the pulsed Doppler can be positioned along the Doppler beam and is indicated by a marker. Transducer probe arrangements are available which employ mechanical or electronic systems for real-time imaging. Duplex transducer probes using electronically scanned arrays allow simultaneous duplex imaging and Doppler operation. The Doppler signal can be heard while the sample volume is being positioned. In transducer probes using mechanical systems, the Doppler signal can only be detected when the real-time image has been frozen in the frame store and the system has been changed over to Doppler operation. Frequency spectra are commonly presented on a scrolling display, continuously updated as new data are collected.
Because the angle between the incident Doppler beam and the vessel axis can be determined, values for both frequency shift and velocity can be used as representative flow parameters. In most current duplex devices, the angle between the vessel axis and the incident Doppler beam is automatically calculated. Recordings of the Bmode images and the Doppler signals can be made on video tape or hard copy on recorders in common use.
Operating frequencies
The choice of the optimum frequency is based on a compromise between depth of penetration and frequency resolution. With a high probe frequency (7-10MHz), the frequency range of the spectral information is increased, but the effective penetration depth is reduced because of the stronger attenuation of high frequency signals within tissues. Some mechanical sector scanners employ two transducers, one for imaging and one for Doppler. The latter often operates at a lower ultrasonic frequency because a lower frequency may improve Doppler noise performance. Duplex transducer probes using electronic array scanners are capable of operating over a wide range of frequencies. They can work satisfactorily at relatively low ultrasonic Doppler frequencies and high ultrasonic imaging frequencies. In general a high probe frequency (7-IOmHz) is used for assessing more superficial structures, whereas a low probe frequency (3-5MHz) is recommended for deeper lying structures, such as the abdominal and femoral arteries, because of its better penetration.
Doppler colour flow mapping
More recently Doppler colour flow mapping has been developed based on specialized types of pulsed Doppler systems. It produces real-time two-dimensional colour-coded images indicating flow conditions superimposed on real-time twodimensional grey-scale pulse echo images of anatomical structures. The display image is therefore a combination of Doppler and anatomic information. It can also be used to colour code M-mode recordings. Doppler colour flow mappings contain a substantial amount of information, including flow velocities and direction of flow, and facilitate the detection of blood flow.
Scanning technique Examination modality
The peripheral arterial duplex study is performed with the patient in the supine position. A slight external rotation of the leg may facilitate the evaluation of the femoral bifurcation. The popliteal artery is studied with the patient in the prone position and the feet elevated 20-30 degrees on a pillow. A complete examination includes the distal aorta, common and external iliac arteries, common femoral and deep femoral arteries, the proximal, middle and distal parts of the superficial femoral artery, and the popliteal artery. In addition, recordings are made at any site along the vessel axis from the aortic bifurcation to the popliteal trifurcation where pathological abnormalities are noted or flow disturbances are present.
Usually the study is started in the groin with longitudinal imaging of the common femoral artery. Initially the B-mode image is used and the scan head is moved about to get an overview of the vascular anatomy and the spatial relationships with other tissues, and to depict anatomic landmarks. The vein is located alongside the artery and is usually easier to detect. It can be distinguished from the artery by exerting a gentle pressure on the scan head, which will compress a nonthrombosed vein. The degree of pressure required to compress the vein can be used to verify the correct placement of the scan head on the skin. At the same time it can be ensured that the pressure exerted on the probe will not result in external compression of the artery, creating an artificial stenosis.
The pulsed Doppler sample volume is then placed in the centre stream of the artery. The angle of the Doppler beam relative to the vessel axis is displayed on the screen. Peak systolic forward velocity, peak diastolic reverse and forward velocity, changes in spectral bandwidth and the overall waveform contour form the criteria for disease classification.
Initial evaluation of the common femoral artery flow signal provides a clue to the status of the aortoiliac and the femoropopliteal circulations.
After assessment of the common femoral artery and the origin of the deep and superficial femoral arteries, the scan head is moved in a proximal direction to the external iliac artery and then distally along the superficial femoral artery to the adductor canal and the popliteal artery. The sample volume is moved along the displayed vessel axis to detect flow disturbances and to establish the patency of the artery. If the flow patterns in the common femoral artery and the distal external iliac artery are normal, and prior clinical examination located the disease to more distal areas, the conclusion can be made that the aortoiliac segment is free of significant disease. In such cases, the scanning of the common iliac artery is not necessary unless there is a direct question of iliac disease. ' As long as the velocity patterns are normal, it is possible to scan the standard recording sites in a rapid sequence. Care must be taken in the evaluation of the artery at the site of the adductor canal where a lesion might easily be overlooked because of technical problems. When changes in vessel morphology or abnormalities in the velocity patterns are present, a complete scan of the segment between the standard recording sites is needed to establish and quantify precisely the location and the extent of the lesion. Follow-up examinations may concentrate on the arterial segments which are in question.
For blood flow measurements, the crosssectional area of the vessel can be calculated from its diameter or measured directly by the software implemented in some duplex scanners. Blood flow is represented by the product of the crosssectional area and the mean blood flow velocity.
In the assessment of aneurysms, the maximal extension in longitudinal and transverse direction needs to be measured. The duplex study is most efficient when preceded by clinical examination and conventional noninvasive tests such as Doppler pressure measurement and pulse volume recording which may direct the duplex scanning to special points of interest. A complete careful study of one leg will normally require up to one hour.
Artifacts
Several sources of artifacts may occur, which can possibly affect classification of disease. Care must be taken to place the sample volume into the centre stream to avoid velocity gradients near the vessel wall. In normal vessels the centre stream flow is laminar and its spectral band is narrow. When respiration and pulsation cause the sample volume to wander from the centre stream, the sampling of the velocity profile along the vessel wall will result in an increase of the spectral bandwidth. A small size sample volume is required for the accurate assessment of discrete regions of flow. With increasing sample volume size, the increasing velocity profile produces a pansystolic spectrum broadening which may be mistaken for a stenotic flow disturbance. At bifurcations, boundary layer separation and normal flow disturbances may also produce artifactual spectral broadening, especially when the Doppler gain is adjusted too high.
In order to prevent elimination of low-velocity and low-amplitude signals it is important that the wall filter is set no higher than 50 or 100Hz.
When calcification of the anterior vessel wall is present, it may produce severe acoustic shadowing which limits visualization of arterial structures and inhibits insonation in the area of plaque. If the plaque is not concentric, which can be determined from cross-sectional imaging of the vessel, a more appropriate scan plane may be indicated. Velocity spectral analysis may need to be recorded immediately proximal and distal to the calcified area. As haemodynamically relevant lesions often induce changes in velocity patterns immediately proximal to the lesion, and flow disturbances in peripheral vessels are often propagated for a few centimetres beyond the lesion, a stenosis may be falsely identified as a short occlusion and vice versa. Special care must be taken in the measurement of the angle between the blood flow vector and the incident Doppler beam. Mistakes made in angle measurement will easily result in a significant over-or underestimation of the degree
The B-mode image is an ultrasonic topographic slice which allows visualization of the spatial relationships of the body structures in a twodimensional presentation. The returning ultrasound echo pulse is reduced to a dot on the oscilloscope screen, where the strength of the echo is indicated by its brightness. This type of display is termed 'brightness modulation' or B-mode. The two-dimensional image may be frozen on the video monitor and updated by demand while the transducer is used in the pulsed Doppler mode.
The real-time B-mode image is used to identify the artery of interest and to detect anatomic variations (Figure 1 ). The artery may be studied in longitudinal and transverse planes. The diameter of arteries and aneurysms and the crosssectional area of a vessel, which must be known for flow studies, can be measured from the frozen image. The ultrasound echo pulse image allows the assessment of vessel morphology and the study of tomographic characteristics of lesions. The presence of plaque and arterial narrowing noted on the B-mode image indicates the sites for Doppler evaluation of flow patterns ( Figure  2 ). Moreover, it permits accurate centre stream placement of the Doppler sample volume at a known angle to the arterial segment under study.
A major disadvantage of B-mode imaging is the fact that soft plaques with a large amount of lipid material and thrombi, which may have the same acoustic properties as blood, may not be detected with B-mode techniques. The resultant flow disturbances, however, can be detected with Doppler techniques. 
Velocity patterns
At any point in the cardiac cycle, the range of velocities within the sample volume can be determined from the spectral bandwidth of the Doppler signal. Flow disturbances at the site of an insignificant stenosis or downstream turbulence distal to stenotic disease produces a broadening of the velocity spectrum, causing an increase in the spectral bandwidth. As the arterial diameter is reduced, the velocity through the narrowed segment increases. This provides the basis for disease classification with Doppler ultrasound. These criteria derive from the spectral analysis of Doppler signals, based on the evaluation of waveform contour, peak systolic forward velocity, end diastolic forward velocity, presence of diastolic reverse flow, and presence of spectral broadening. In patients with peripheral arterial occlusive disease, the degree of involvement in each arterial segment can be classified into six different categories: I = normal, II = < 25% diameter reduction, III = 25-50% diameter reduction, IV = 50-75% diameter reduction, V = 75-99% diameter reduction, VI = occlusion of the vessel. The waveform derived from centre stream flow in normal arteries is characterized by a narrow spectral band and a clear area beneath the systolic peak, called the systolic window. Spectral broadening will occur at bifurcations because of flow disturbances and boundary layer separation. In normal arteries, the peak systolic velocity drops between the common femoral and the proximal superficial arteries. A marked drop in peak velocity can also be noted across the adductor canal between the distal superficial femoral and the popliteal arteries. The reverse flow component in the deep femoral artery is normally shorter and less pronounced than in the other peripheral arterial segments. This may be due to a relatively lower resistance in the vascular bed supplied by this vessel
Velocity patterns in arterial disease
In the classification of peripheral arterial occlusive disease on the basis of Doppler spectral analysis it is important always to seek for the most apparently normal spectral waveform at each location. Reproducible high-velocity signals however, which are often better recognized audibly than on the screen, cannot be ignored, as they are likely to indicate a significant stenosis.
With minimal stenosis or wall irregularity (II), the shape of the waveform and the peak systolic velocity remain within the noral range. The spectrum is broadened because of the disturbed flow.
In a 25-50% stenosis (III), the peak systolic velocity is increased by more than 30% with respect to the proximal recording site. This is in contrast to the findings at the carotid bifurcation, where a significant increase in peak systolic velocity is found only at the site of a diameter reduction greater than 50%. Spectral broadening is marked, although the reverse flow component remains. Flow patterns proximal and distal to the stenosis are unchanged.
A 50-75% diameter reduction (IV) is characterized by the loss of the reverse flow component, with only forward flow during the entire heart cycle. The arterial waveform becomes monophasic. The increase in peak systolic velocity is more than 100%, and spectral broadening is extensive. The waveform proximal to the stenosis is unchanged, but is abnormal distal to the stenosis.
A high-grade (75-99% diameter reduction) stenosis (V) is also characterized by an extensive increase in diastolic forward velocity. The waveform is abnormal both proximal and distal to the stenosis. An occluded artery (VI) can be visualized on the sector image, but no flow can be detected within the thrombosed section. Proximal to the occlusion there is a disturbed flow pattern with a reduced velocity; distal to the occlusion there is a monophasic waveform with extensive spectral broadening5,10 (Figure 3 ).
Using these criteria, a single stenosis of the arterial system between the distal abdominal aorta and the popliteal trifurcation can be located, and the degree of the lesion assessed precisely. When multisegmental disease is present, the same criteria for classification of obstruction may be used. Changes in flow velocity and spectral width may be interpreted in the same manner as for single stenosis, although the actual waveform must be compared to the shape of the spectra obtained at the next proximal segment.
Since a high-grade stenosis and an occlusion affect both the proximal and the distal waveforms, it is important to know in which direction the scan head should be moved to find the site of maximal flow disturbance and to locate the lesion exactly. The most important guides for the examiner are the pulse rise time, the pulse delay time and the reverse flow component.
Proximal to an obstruction, the reverse flow component reflecting the peripheral vascular resistance shows a characteristic change: the normally rounded peak of the reverse flow component obtains a symmetrically tapered contour and a high peak reverse velocity as a result of an increase in peripheral resistance. Proximal to an obstruction, the systolic upstroke is abrupt and the pulse rise time is short; distal to an obstruction, it is prolonged. The duration of the downstroke period (pulse delay time) is longer in diseased vessels and can be considered a sensitive indicator of disturbed flow.
Accuracy of duplex scanning
The accuracy of disease classification for lower extremity arterial occlusive disease by duplex scanning has been compared with the results of angiography as read by a radiologists. To test the interobserver variability in reading the arteriograms, a second radiologist was asked to review the same films; 338 arterial segments in 54 legs were examined by duplex scanning and classified using the criteria mentioned above. In this study, the lesions with 50-75% and 75-99% diameter reduction were combined into a single category. The classification of disease given below is related to this former study and differs in some points from that given before in this paper. The segments evaluated included the iliac, common femoral, deep femoral, proximal, mid-and distal superficial femoral and the popliteal arteries.
When an arterial segment was classified as normal (I) by arteriography, the ultrasonic data were in agreement with the arteriographic classification in 82% of the cases (88/105). The two radiologists were in agreement 68% of the time.
In a minimal (II) stenosis (1-19% diameter reduction) identification of spectral broadening by duplex scanning resulted in a correct classification of wall irregularities in 83% (80/96).
The interobserver agreement of the two radiologists in this category was 58%.
With a 20-49% diameter reduction (III), there was a 54% rate of agreement (21/39) between angiogram and duplex scanning. Of these segments, 38% were classified by duplex scanning as having 1-19% stenosis and 5% were misclassified as having a greater than 50% diameter reduction. Two radiologists reading the same films agreed 64% of the time.
In the 50-99% diameter reduction group (IV-V), the described criteria resulted in an agreement between noninvasive study and arteriography in 60% (36/60) of the cases, whereas the agreement between the two radiologists was 70%.
Complete occlusions (VI) were classified correctly by duplex scanning in 94% (33/35) of the segments. All segments reported by radiologist 1 to be totally occluded were correctly classified by radiologist 2. Radiologist 2, however, reported 7 additional occlusions.
The ability of duplex scanning to identify peripheral arterial occlusive disease in the arterial axis between the distal aorta and the popliteal trifurcation compared to the 'gold standard' of angiography was 96% (sensitivity). The ability to recognize normal arteries was 81% (specificity). The positive predictive value was 92%, the negative predictive value 91%. When only haemodynamically relevant lesions, defined as a greater than 50% stenosis, were considered, Duplex scanning demonstrated a sensitivity of 98%, a specificity of 98%, a positive predictive value of 94% and a negative predictive value of 92%.
When two radiologists independently read the same films, they were in agreement that disease was present 97% of the time (sensitivity). The agreement in judging normal segments (specificity), however, was only 68%. The positive predictive value was 88%, the negative predictive value 92%. When comparing results for detecting the presence of less than 50% versus greater than 50% stenosis, the following values were obtained: sensitivity 87%, specificity 94%, positive predictive value 88%, negative predictive value 93%. Table 1 shows the agreement, sensitivity and Table 1 Accuracy of duplex scanning compared to arteriography (normal versus abnormal). From Jager et a/.5 specificity as well as the positive predictive value and the negative predictive value in assessing an arterial lesion in a certain arterial segment by duplex scanning as compared to arteriography. The results were not affected by multisegmental disease. Best agreement was obtained in the iliac segment. Using the duplex scanner in comparison to conventional arteriography as the definitive test, disease of the iliac segment was always detected (100% sensitivity). Normal iliac arteries, however, were recognized in only 81% (specificity) of the studies. If a more than 50% diameter reduction by arteriography was considered to be a significant lesion, the specificity of the duplex test in the iliac segment reached 100%. Comparable results were obtained for the deep femoral artery. Evaluation of this artery in patients with severe femoropopliteal obstructions is of particular importance in screening candidates for selective deep femoral revascularization.5 s
The accuracy of measurement of occlusion length by duplex scanning has also been evaluated against arteriographic measurements. 12 In 28 completely occluded arterial segments the average occlusion length measured by duplex scanning and arteriography was 6.9cm and 7.9cm respectively. However, because an average time period of six weeks passed between duplex scanning and arteriography, it is impossible to determine whether the difference in occlusion length obtained with the noninvasive and the invasive methods was due to natural disease progression during the interval between duplex scanning and arteriography, or resulted from a true difference in measurement by the different techniques. In any case, the difference in average occlusion length measured with duplex scanning and arteriography was not statistically significant. Occlusion length measurement by duplex scanning was sufficient to determine whether or not an occlusion was amenable to catheter therapy or had extended beyond 'cathetertreatable' length (10cm).
These results indicate that noninvasive duplex scanning is clearly comparable to arteriography in the detection of arterial lesions; in the assessment of the degree of stenoses; in the detection of arterial occlusions; and in the measurement of the length of occlusions in peripheral arteries.
Clinical applications
Peripheral arterial occlusive disease causes a wide range of symptoms and signs in patients. The first step in diagnosis is a carefully performed medical history and physical examination to identify those patients who require more extensive investigation and special treatment.
During the past few years, understanding of functional aspects and their importance in vascular disease have grown significantly. This has resulted in the development of various physiological and haemodynamic tests for the evaluation of arterial insufficiency, including Doppler ankle systolic pressure measurements at rest and after exercise, segmental pressure measurements, and pulse plethysmography.
These indirect noninvasive methods, while useful for documenting haemodynamic function, fail to establish the exact anatomic location of the obstruction and the extent of atherosclerotic involvement. Even segmental pressure measurements have not proved sufficiently accurate in identifying significant haemodynamic lesions precisely. Unlike the situation in the carotid arteries where the disease is most often found at the bifurcation involving the origin of the internal carotid artery, atherosclerotic plaques may be distributed throughout all segments of the lower extremity arterial system between the abdominal aorta and the tibial vessels, although there are locations where disease is more likely to occur. Frequently conventional noninvasive tests are not capable of detecting whether disease is affecting the arteries proximal or distal to the inguinal ligament. The site of a lesion, however, will considerably influence the manner in which the patient is managed. In the noninvasive diagnosis of arterial obstructions using conventional methods, one can only distinguish to some extent between haemodynamically significant and insignificant obstructions. In most cases, a high-grade stenosis cannot be differentiated with certainty from an arterial occlusion, and no information on the occlusion length can be obtained. Both can be of relevance for the therapeutic procedure. A stenosis of the iliac artery, for example, is amenable to percutaneous transluminal angioplasty (PTA). The primary success rate at this site is good, and long-term results are favourable. An iliac occlusion, however, cannot be referred for catheter therapy because of the greater risk of disadvantageous results.
The deficiencies of the conventional noninvasive tests listed above can now be overcome by the use of noninvasive duplex scanning. Thus, the duplex results should not be compared to any other method of noninvasive assessment of lower extremity ischaemia. Duplex scanning has been shown to possess diagnostic capabilities comparable to arteriography. 5, 10, [13] [14] [15] [16] Until now, contrast arteriography has been considered the definitive diagnostic method for documentation of the location and severity of lesions in peripheral arterial occlusive disease, and for planning therapeutic procedure. However, the information provided is strictly anatomic. The three-dimensional residually patent lumen of the diseased vessel is reduced to a two-dimensional plane. Even with films taken in two planes, it is often impossible to estimate the haemodynamic significance of a stenosis. For example, the ability of contrast arteriography to evaluate the femoral bifurcation and the orifice of the deep femoral artery is frequently limited. Another well-known weak point is the assessment of the haemodynamic relevance of an iliac lesion in the presence of significant femoropopliteal disease. In contrast, duplex scanning at these same locations provides an almost 100% sensitivity for the detection of disease in the iliac and deep femoral arteries, and a 100% specificity for the identification of segments without haemodynamically significant lesions. 5, 17 In a retrospective study we analysed 621 consecutively performed duplex examinations of the lower extremity arterial system.'8 In 289 cases (46.5%) the indication for duplex scanning was strictly scientific; 332 duplex scans (53.5%) were performed for clinical reasons in addition to a conventional noninvasive clinical examination.
Physicians referred patients for duplex scanning to determine the presence of a stenosis or an occlusion; the exact location of a lesion; the degree of a stenosis; the length of an occlusion; and the suitability of the lesions for treatment by percutaneous transluminal angioplasty. Analysis of the 332 duplex studies performed for clinical reasons showed that in 85% of cases, the treatment decision was based on the results of duplex scanning alone without the need for arteriography. This included medical treatment in 63%, catheter therapy in 34%, and surgery (often local surgery, such as resection of false aneurysms and haematoma removal) in 3%. In 14% of the patients the therapeutic decision was based on both duplex scanning and arteriography, resulting in the referral of 21% to medical treatment, 45% to catheter therapy and 34% to vascular surgery. Only in two patients referred to catheter therapy and one patient referred to vascular surgery were the duplex results not taken into account ( 1 % ) .
Lesions that are suitable for percutaneous transluminal angioplasty (PTA) can be identified safely and reliably by noninvasive duplex scanning. This was demonstrated by a prospective study 12 in which 111 patients underwent PTA without previous arteriography. In all but one of the candidates, referral for PTA using duplex findings was appropriate.
After PTA, the improvement in blood circulation can be recorded and the patency rate followed easily in prospective studies using duplex scanning (Figure 4 ). In patients who have undergone vascular reconstruction, both the haemodynamic result and the occurrence of restenosis can be evaluated by follow-up studies. As bypass grafts often fail at the site of anastomosis, duplex scanning can be used to detect the development of both anastomotic and graft stenoses, which may precede graft failure. Aneurysms occurring at the site of a vascular anastomosis can be identified at an early stage ( Figure 5 ). Progression of atherosclerotic disease in unoperated arterial segments can also be followed, allowing the noninvasive identification of new lesions which reduce the arterial inflow or outflow of an operated segment and often limit the patency of a graft. There is evidence that duplex scanning can predict failure of in situ femoral bypass grafts by measuring graft flow velocities. Because revision of failing but still patent vein grafts results in a 15-20% improvement in graft salvage rates compared to repair of thrombosed vein grafts, this is of substantial clinical relevance. 19 Furthermore, duplex scanning can be used for blood flow measurements. 20 Volume flow is determined from the product of mean blood flow velocity and the cross-sectional area of the vessel, Another advantage of the duplex technique is its ability to distinguish normal arteries from those with wall irregularities or minimal disease. Duplex scanning does not involve radiation exposure and its associated risks, and there are no known side-effects. It is quite comfortable for the patients and can be repeated at any time. These aspects make duplex scanning ideal for epidemiological studies of the natural history of atherosclerosis. In addition, the rate of disease progression at various locations and possibly of disease regression under special medical treatment can be objectively and precisely studied over time.
Duplex scanning has been shown to possess diagnostic capabilities comparable to arteriography. The costs of the noninvasive method, however, are significantly lower than the costs of the radiographic method.2' Duplex scanning fails in the assessment of arterial lesions in extremely obese patients and when excessive vascular calcification is present.
It is also of limited value when a generalized atherosclerosis in both legs is suspected. In these cases the ultrasonic effort is not adequate and an arteriogram is preferable to get an overview of the entire arterial system.
One of the major disadvantages of duplex scanning is that it provides information only on single arterial segments, which must then be put together to obtain an understanding of the haemodynamic situation of the whole arterial axis. That is the reason why arteriography is still required for most patients treated with major vascular surgery.
Like any ultrasonic method, duplex scanning is very operator-dependent and demands a great deal of technical skill. A training period of several months is necessary to gain competence in the examination techniques. In addition, the results of duplex scanning have to be continually compared with the standard contrast arteriographic studies to ensure the highest reliability.
Duplex scanning appears to be a promising alternative in the evaluation of lower extremity arterial disease. It will not entirely replace the radiological tests, but the anatomical and haemodynamic information available from duplex scanning may result in more selective application criteria for performing arteriography, and thus limit the frequency of its use.
Summary
Duplex scanning, which yields both anatomical and haemodynamic .data, has been shown to possess diagnostic capabilities comparable to arteriography. The technique permits precise localization and classification of disease into six categories at all levels of the limb from the aorta to the popliteal trifurcation. The ability to assess all stages of disease enables differentiation between normal vessels and those with minimal disease and between high-grade stenoses and total occlusions. Clinically, duplex scanning may serve as the basis for decisions on the further treatment of the patient. Candidates for medical treatment and percutaneous transluminal angioplasty can be selected without the need for diagnostic arteriography with its associated risks and discomforts. The primary success rate of peripheral arterial surgery and dilatation can be studied noninvasively. Disease progression and the occurrence of restenosis can be identified, and the failure of in situ femoral bypass grafts may be predicted.
The method has no known adverse effects and may be repeated at any time. However, it requires considerable skill and experience from the examiner and visualizes only limited segments of the vessel at a time.
Duplex scanning represents a promising noninvasive alternative to arteriography in the evaluation of lower extremity arterial disease. It may result in more selective application criteria for performing arteriography and limit the frequency of its use.
